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FOREWORD. 


Publications on Steam Locomotive Design are numerous, but 
while most of them are excellent in their treatment of details, there 
are, in the Author's experience, very few which contain the whole 
of the information necessary for the determination of the general 
proportions suitable for a locomotive to perfom a specified duty. 

It is the object of this paper to attempt to bridge some of the 
gaps which exist in most English publications on the subject, and 
the Author hopes that some at least will derive assistance from its 
perusal. 


The design of a locomotive is determined by the following 
factors : natural conditions, rail gauge, loading gauge, permissible 


weight, both total and per axle, gradient of steepest incline, radius 
of sharpest curve, speed and haulage capacity. 


Natural conditions have to be taken into consideration in 
determining the minimum adhesive factor to be used, this being 
smaller in dry climates than in wet and humid climates. The fuel 
consumed is also largely influenced by natural conditions. Distance 
between fucling stations is often a result of natural conditions, and 
this has to be considered in deciding the amount of fuel and water 
to be carried, determining whether a tender engine is or is not 
necessary. 


The rail gauge is a most important factor in design. _It varies 
from 2/0" to 5/6”. Its chief effect is to limit the permissible speed 
due to the restriction it imposes on wheel diameter. It does not 
greatly influence tractive force except in cases where the narrow 
gauge is accompanied by much lighter rails, etc. In fact there are 
many locomotives running on the 2! 6”, metre and 3! 6” gauges 
which are superior in both tractive force and boiler capacity to the 
great majority of British locomotives. 


The loading gauge limits the maximum permissible width and 
height of an engine and is the source of considerable difficulty in 
British locomotive design. In this country railways had reached a 
well developed stage at a time when they were in their infancy or 
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» non-existent in other countries. The result was that all tunnels, 
bridges, station platforms, ete. were built to suit the engines and 
rolling of the period, the proportions of modern locomotives 
being naturally unanticipated. As a consequence, the Bri 
locomotive has now almost reached) the maximum po: 
dimensions of height and width, and if much further inereasc 
required we shall be faced with the necessity cither of making a 
radical change in the type of steam locomotive employed or of 
increasing the permissible loading gauge, which latter course will 
inevitably involve cnormous expense. 


es 


The permissible weight per axle has a considerable influence 
on the design of an engine for a given duty as will be seen later. 
It is decided chieNly by the weight of rail in Ibs. per yard, although 
there are many sections where the strength of underline bridge- 
works is the determining factor. As a general rule, however, the 
value of the maximum axle load can be decided by the following 


R 
formula for British practice countries (1) L. = — where L = max. 
5 


permissible axte load in tons R = weight of rail in Ibs. per yard, 
In American practice, however, considerably higher axle loads are 
permitted and employed in spite of the fact that their track is as a 
rule inferior and less carefully maintained. 


Another limitation is imposed oc 
way engineer, and that is the permiss 
wheelbase and over buffer 


asionally by the permanent 
ble weight per foot run of 
There are frequent examples in this 


R 
country where, although the axle load given by the formula L = — 


te) 


is quite allowable, yet it would not be permissible to concentrate 
a number of axles so loaded on a short wheelb: Where such 
limitations exist it is usual either to specify the maximum weights 
per foot of wheelbase and over buffers, or to supply a copy of the 
railway company’s bridge curve. In the latter case it is the duty 
of the locomotive designer to ascertain that the bending forces set 
up by the proposed locomotive do not exceed those permitted by 
the bridge curve. The subject is too complex to be treated in 
detail here, but anyone desiring further information on this point 
will find it in a paper, ‘¢ The Bridge Curve,”’ read before the 
Institution of Locomotive Engineers in 1917 by Mr. J. Clayton. 
(Paper No. 54.) 


The gradient of the steepest incline is of great importance in 
determining the necessary tractive effort required for a given loco- 
motive. In ordinary practice 1 in 40 is about as severe an incline 
as is likely to be met with on any main line of railway, although 
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steeper inclines are often found on works sidings and similar short 
ance due to a gradient is very 


runs. The calculation of the r g 
simple, being a simple example of the inclined plane, Thus, il 
the gradient is 1 in 200, the resistanee due to the grade will be 


2240 
(2) = 11:2 Ibs. per ton. 


The radius of the sharpest curve imposes a limitation upon the 
id wheelbase of an engine. The curves on most British main 
lines are sufficiently easy to present no serious difficulty with loco- 
motives of the proportions at present employed. There are abroad, 
however, many examples where this is far from being the case, 
and this has led to special desis such as the Fairlie, Garrett and 
Mallett articulated engines, although i in the latter two cases it was 
not so much a matter of curves as a demand for increased power 
that led to their conception, it being obviously impossible 
to incorporate the number of coupled wheels met with in most 


articulated engines without some provision for flexibility of wheel- 
base. 


Tt is not usually necessary to consider the resistance due to a 
curve when designing a locomotive, as any curve sufliciently sharp 
to set up a-serious resistance is usually taken at a reduced speed 
for reasons of safety which compensates, In cases where curves 
are sharp or frequent, and it is nec essary to allow for them, the 
following formule are sufficiently accurate :— 


D+eL 
(3) P = 2240 ——— x I where D = rail gauge All in 
2R 1. = rigid wheel base }same 
R = radius of curve — ) terms. 
P = resistanee in’ Ibs./ton = co-eflicient of friction 
varying from .l — ‘27 
This is known as Morison’s formula. (Transactions Inst. C.E. 
Vol. XXXI.) 
(4) x b where R = radius of curve in ft. 


b = a constant ‘78 for vehicles. 
1:56 for locomotives 


P = resistance Ibs./ton. 


This is the American Master Mechanics’ Association formula 
corrected for English tons. 
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We come next to that all important matter, [rictional resis- 
tance on the level. Locomotive and trai + on the level 
is composed of such a large number of variable factors (such as jour- 
nal friction, Mange friction, air resistance, cte., cach of which in 
turn can be so greatly influenced by lubrication, weather conditions 
and other forces, that it is net surprising to find that opinions as 
to the actual value of train resistance are exceedingly diverse. 
Scores of formule have been propesed of which those given below 
are typical. 


v2 
(5) Due to D. K. Clark R = 8 + R=resistance Ibs. /ton 
171 
V=Speed in m.p.h. 
v2 
(6) A. M. Wellington R = 4:48 + —— 
162 
3°36 + 0°56 V 
(7) Baldwin Loco. Co. R = ——— for ordinary freight 
3 service, ete. 


(for 2,000Ib. tons.) R = 168 + 0°224 V at speeds of 
47-77 m.p.h. 


v2 
(8) Decley R = 3 +— 

290 
(9) Aspinall R= 25 + 


50'S + 0278. 
for engine and train of bogie 
coaches L=weight of train. 


In all above formule weight of engine is included in train 


weight. 


It is worthy of notice that of all above formule, that due to 
Aspinall is the only one that takes into account the actual weight 
of the train. In all other cases the resistance in Ibs./per ton is 
assumed to be independent of the load. Another factor which 
cannot be taken into consideration in any formula is the com- 
position of the train. It will be generally admitted that six four 
wheeled wagons each weighing 7 tons loaded are likely to have a 
considerably higher resistance than, say, a boiler wagon weighing 
42 tons gross with load and carried upon two six wheeled bogies. In 
other words, it may be stated as a general rule that the smaller the 
number of carrying axles for a given load, the smaller will be the 
resistance per unit weight. 
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Further, it is found in practice that a long train having the 
heavier vehicles at the back will have a greater resistance on 
curves than would be the case if the heavier vehicles were 
marshalled next to the engine. 


The resistance of the engine itself is a difficult item to deter- 
mine, including as it does, the internal friction of the engine as 
well as the resistance of rolling friction. The use of coupling rods 
adds materially to the resistance due mainly to the fact that it 
is practically impossible to maintain a constant diameter for all 
the coupled wheels. To illustrate this, let us assume a six 
coupled locomotive having coupled wheels normally 6! 0” in dia- 
meter. Let the wheel diameters increase in the ratio of 5! 117, 
6/ 0”, 6/1”, an extreme case, perhaps, but useful to illustrate the 
point. Each pair of wheels, if free to do so, would revolve at 
slightly differing rotational speeds, but as they are coupled this 
is impossible and consequently they will revolve at a speed corres- 
ponding to the mean diameter of the three pairs of wheels, viz., 6 ft. 
There will, therefore, be a considerable frictional loss due to the 
slipping of the leading and trailing pairs of coupled wheels, this 
manifesting itself in the form of increased engine resistance: The 
formula which seems to be most generally used is that due to 
Mr. L. H. Fry, who has evolved a series of mean values from the 
many and varying formule extant. Mr. Fry gives the 
following :— 

Resistance in Ibs: /ton of engine and tender 

4 coupled engine (79” drivers) R= 85 + °0974M + ‘004 M? 
6 ” sy. (79" ~ ,, -) R=10°08 + °126 M + 004 M? 
8 - » (56" ,, )R=13'344+ 48 M+ ‘004 M? 
Bogie Coaches R= 36 +:03 M + °0022M? 
Four wheeled wagons R= 36 +:°07  M + :0027 M? 


M = Speed miles per hour. R = Resistance Ibs./ton. 


For the convenience in determining these values a chart is 


appended showing these values at all speeds from 0/80 miles per 
hour. (Diagram 1.) 


10 


A fourth and very important factor in creating resistance is 
acceleration. The following formule (taken from the Locomotive 
- Engineers’ Pocket Book) are very useful and take into account an 
allowance for the rotary acceleration of the wheels and axles, etc. 
M? — m’ : M-m 
(11) R = 80 ———— or (12) R = 108 ————— when 
Ss , L 
M = higher speed miles per hour. 
m = lower speed miles per hour. 


S = distance in feet during accelerating period. 
L = time of accelerating period in seconds. 
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Having enumerated the factors which determine the resistance 
and consequently the power of an engine, we will cite an example 
to illustrate their application. 


Let us assume that a locomotive is to be designed to meet the 
following conditions. 

Gauge of railway—4! : 

Type of service—British main line expre ager, 

Haulage capacity—450 tons exclusive of engine and tender, 

Curves—Minimum 1,000ft. rds. on main line. 

Steepest gradient—1 in 100 for 5 miles. 

Weight of rail—100Ibs. vard. 

Load gauge—Railway Co.'s standard. 

Distance—Longest non-stop run 160 miles. Distance between 

water troughs (max.) 60 miles. 
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Speeds—60 miles per hour on level. Axerage 40° miles 
per hour on grade. 


The above are fairly representative of average British condi- 
tions and will form a good basis from which to work out the 
proportions of a high power express locomotive. 


The first step in the design is to calculate the necessary 
tractive force and before we can do this we must assume an 
approximate value for the weight of the engine. This is a fairly 
y matter, merely involving a comparison of existing locomotives 
similar duties. As a preliminary we shall not incur any great 
error if we assume the combined weight of engine and tender at 
150 tons. 


Taking this figure and applying Mr. Fry's formule, the resis- 
tance works out as follows :— 


1. On level at 60 m.p.h. 


Resistance of engine and tender at 60 m.p.h. (6 
coupled engine as ) at 82:14 Ib./ton 
= 32:14 x 150 = ne iis .» 4821 Ib. 


Resistance of train at 60 m.p.h. (bogie coaches) 
at 13°39 Ib./ton = 450 x 13°39 =... «+ 6025 Ib. 


Total r 


ance = necessary tractive effort =... 10,846 Tb. 


2. On gradient of 1 in 100 at 40 m.p.h. 
Resistance of engine and tender at 40 m. ae h. at 


21°57 Ib./ton = 150 x 287 =. 8236 
Resistance of train on level at 40 m.p.h at $°33 

Ib./ton = 450 x 3°33 = as x .. 3749 
ee) engine,tender and train on lient of 

in 100 at 22-4 Ib./ton = 600 x 22:4 = ... 13,440 

Total resistance = necessary tractive effort. = 20,425 


The figure cf 20,425 represents the necessary tractive effort 
which would be necessary end the gradient at a constant 
speed of 40 miles per hour. What usually takes place is that the 
gradient would cause a reduction of speed, the tractive force rising 
as the speed falls. For purposes of determining boiler capacity 
it is desirable to know the mean tractive effort which would be 
required to maintain an average of 40 miles per hour, and this can 
be done by applying the acceleration formula (12). 


10 ENTIAL Factors 1x Stream Locomotive Desicn. 


Assume that the train commences to climb the 5 miles incline 
at 55 m.p.h. and that the speed has fallen to 25 m.p.h. at the 
summit then from (12) the resistance due to acceleration or assis- 
M—m 


ting force during retardation is given by R = 108 


t 


As the mean speed is to be 40 m.p.h. the time for 5 miles 
will be 7} mins. or t = 7°5 x 60 = 450 seconds. 


55 — 25 30 
then R = 108 = 72 Ibs./ton. 
450 108 x 450 


The total assisting force, therefore, will be 7-2 x 600= 4320 Ibs. 

Mean tractive foree = 20425 — 4820 = 16,305 Ib. 

We have now seen how the tractive power is calculated and 
we will consider the selection of type for a given duty before pror 
ceeding to determine proportions. As most of us are aware, 
locomotives are classified into types according to the arrangement 
of wheelbase. The system which is adopted in this country and 
America $s what is known as the Whyte, although in the States, 


certain types are given names. — In this system cach group of 
wheels is numbered. Thus a plain six whecled coupled engine 
would be termed a 0—6—0, similarly a locomotive having a leading 
four wheeled bogie, six coupled wheels and a trailing pony truck 


would be cl ed a 4d—6—2, or in American notation, a Pacific 
class. ‘1 he diagram 2 gives the arrangements in general use and also 
the American title where such exists. 


The determination of the number of coupled wheels is depen- 
dent on three things, viz., permissible weight on axle, necessary 
tractive force and the factor of adhesion. 


The permissible weight on one axle can be determined from 
the weight of rail by applying formula (1). The tractive force is 
known and the adhesive factor has now to be considered. 

According to Molesworth the adhesion (or max. tractive force 
that can be transmitted without slipping of wheels) varies from 


weight on drivers 

200=600:Iis./ton.. “The: Pastor ef adnésion =) eae 
tractive effort or 
adhesive force. 


. 2240 2240 
and in the case of these figures it will vary from ——— to ——— 
, 200 600 
or from 11:2 to 3:73. The figure adopted in British practice will 
be found to vary from 4:25 to 6. To illustrate the application of 
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this let us take an engine having a tractive force of 28,000 Ib, and 
intended to run on rails weighing 100 Ibs. per yard, the minimum 
factor of adhesion b 


i taken as 4°! 


4:25 x 28000 


Then minimum adhesive weight = ————— = 53:1 tons. 
2240 
100 
Maximum axle load (from 1) = —— = 20 tons. 
5 
53°1 


No. of coupled axles required = 


= 2°655 so that three 
20 


coupled axles, i.e., a six wheel coupled engine will be required. 


In the case of a tank engine the adhesive factor should not 
be less than 4°25 with boiler full and tans and bunker empty for 
obvious reasons. 


We have seen how the number of coupled wheels is deter- 
mined. The number of carrying wheels is decided according to 
the class of service the engine has to perfom and the power and 
consequent weight and arrangement of the boiler. 
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SELECTION OF Type ror GivEeN Duty. 

Locomotives are built for various classes of service which may 
be divided roughly follows :—(a) express passenger; (b) fast 
and local passenger; (ce) expre goods or mixed trafic ¥ 
(d) ordinary goods ; (c) shunting. The main distinction is in the 
diameter and number of coupled wheels adopted. Locomotives 
falling under category (a) are usually tender engines. The reason 
usually given for this is the neve ity for carrying sufficient fucl 
and water for long runs. This can hardly he the only reason, as, 
due to the existence of water troughs on most of Gur main lines, it 
would be quite possible to d ign a tank locomotive for the service, 
were such a course considered desirable, 


An equally important factor would appear to be that of ¢ 
oscillation at high speeds. It is well known that the tender of a 
modern locomotive, wei hing as it does, fram thirty-five to fifty 
tons when loaded concentrated on a short Wheelbase, is a powerful 
agent in damping down any side oscillation that may be set up 
at high speeds. la spite of this, certain of our main lines, such as 
that of the London, Brighton and South Coast Co., do not hesitate 
to utilize tank lecomotives for their fastest and heaviest trains. 
One difficulty in a tank engine is to provide adequate width for a 
wide firebox extending over the frames. in engines of maximum 
sapacity. 


Up to the end of the last century the single wheeler was the 
most largely employed express passenger Iecomotive, although the 
4—4—0 was also extensively used. ‘To-day the honours are shared 
by the 4—4—0 and the 4—6—0, though the 4—4—2, or Atlantic, 
type is the principle express engine of the London and North 
stern Railways. After having for many years only one solitary 
representative in this country, the 4—6—2, or Pacific type, is 
showing signs of coming into favour. There are distinct advan- 
tages in having small truck wheels under the firebox as will be seen 
later when we come to consider the question of boiler capacity. 


Semi-fast and local passenger ‘services are largely operated 
by engines of the same types as (a) the express engines of, say, 
15-20 years ago being now used mainly on semi-fast and local 
services where longish distances have to be covered. For short 
distance local and semi-fast hauls, tank locomotives are extremely 
useful, and extensively employed. The usual types are the 0—4—4, 
ect co toe, Oe, 8 nd ae 
although the two latter are rather more powerful than usual for 
local service, being in point of fact the main-line locomotives of 
some of our shorter railways. There would appear to be a decided 
advantage in a double ended type which 
either direction for short hauls, althoug: 
disliked as it was said to oscillate con 


can run equally well in 
h this type was formerly 
siderably at high speeds, 
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especially with a short coupled wheelbase in comparison with the 
total wheelbase. It is only fair to say that the large 4—6—4 tanks 
on the L.B. & S.C. are said to be very steady running, though 
in these engines the coupled wheelbase is a considerable part of the 
total. The general run of tank engines for local and semi-fast 
work will be found to have rather less boiler capacity than the 
corresponding tender engines for main line work, as the more 
frequent stops do not require such a high continual steaming: 
capacity. The diameter of wheels employed is usually somewhat 
smaller, giving increased tractive effort and better accelerating 
power, which is of more importance than a high maximum runnir 
speed for keeping time on a smart suburban schedule. 


It is the practice of most British railways to have a class of 
engine somewhere between the heavy goods engine and the express 
passenger. Such engines are often found to be duplicates in most 
respects of the corresponding express locomotive, except in the 
matter of the diameter of driving wheels, as for instance, the 
4—6—0 mixed traflic locomotives on the former London and North 
Western, Great Central and Caledonian Railway On other lines, 
such as the North Eastern and Great Northern, specially designed 
mixed traffic locomotives exist. In all cases the wheel diameter is 
a compromise between that of an express engine and a mineral 
engine, being between five and six feet. An exceedingly useful 
engine for general purposes is the result, powerful enough for the 
general run of express goods trains and quite capable of main- 
taining the speed required lor heavy passenger excursion trains. 
As an express locomotive on heavy gradients,the use of such an 
engine is often resorted to. 


For ordinary goods service in this country the 0—6—0 is still 
the predominant type, although largely supplemented by the 
0—8—O0 and 2—8—0 engines. In view of developments in other 
countries in regard to heavy freight locomotives, it is at 
first sight, surprising to find that goods engines in this country 
are mostly smaller than the passenger engines. ‘The reason is that 
such engines as we already have, have proved themselves quite 
powerful enough to break the drawgear on aceasion, so that little 
increase in engine capacity is either necessary or desirable until 
the whole of our goods rolling stock is either fitted with more 
powerful drawgear, or better still, scrapped entirely and replaced 
by high capacity stock fitted with continuous brakes. The practice 
prevalent in this country of using low capacity, loose coupled, 
unbraked wagons is probably the greatest cause of delay in goods 
transit, keeping the average speed of many goods trains down to 
about 15 miles an hour at the best, except where continuous 
brakes are used, whereas, if this obstacle were removed, at least 
twice that speed would become practicable. Tender engines are 
almost invariably employed for long hauls in goods service, the 
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water and coal consumption per mile being considerably higher, 
due ‘to the slower speeds and greater power cxerted, as compared 
with passenger worl In certain cases, however, as for exampic 
short mineral hauls in colliery dis ricts, tank engines are very 
suitable and frequently encountered. 


For shunting duties tank engines are the general rule, ranging 
from the ubiquitous and extremely useful four wheeled four coupled 
saddle tank used for industrial purposes to the ten and twelve 
wheeled multi-cylindered tank engines used for gravity sidings, 
banking, and other heavy duties. In all cases it will be found 
that in engines designed for this class of duty there is a large 
cylinder capacity combined with small wheel diameter, giving the 
high tractive foree and consequent accelerative capacity essential 
for this class of duty. 

A diagram is appended giving proportions of representative 
British locomotives of diverse types. (Diagram 8.) See folders at 
back of pamphlet. 

We have so far discus 


ed the steps necessary to determine 
the tractive force required for a given duty and have dilated at some 
length on the types of engines suitable for given classes of service. 
We now arrive at the important stage of deciding the engine 
proportions for a given design. 


For comparative purposes when considering the power of a 
locomotive it is usual to tale the maximum tractive effort that the 
engine can develop as a measure of its capacity. The formula for 
tractive force for a simple engine is as follows -— 


d’SP 
2-cylr. simple engine (13) T= 
DW 
3d*SP 
3-cylr. engine (144) T= 
2DW 
2d°SP 
4-cylr. engine (15) T = 
D\V 
Where d = diameter of cylinders in inches, 
S = stroke of piston in inches. 
P = highest possible mean effective pressure in 


Ibs./per sq. in. always taken at 85% boiler pres- 
sure for comparative purposes, 


DW = diameter of driving wheels in inches, 


_ The tractive effort of a compound engine is a very debatable 
point and depends on the compounding arrangement. 
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The actual values are given by the following formula :— 
; (d,*p. + ds*P2) S 
For two cylinder compound engines T = —————— (16) 
2DW 


(d,*p, +4,"p.) S 
For engines with 4 cylinders T = ————— (17) 
(2 h.p., 2 Ip.) DW ., 
(d,2p,+2d,'p,) § 
For engines with 1 h.p. cylinder and T = ——————__ (18) 
2 I.p. cylinders (Smith’s system) 2DW 
: (2d,*p, +4,"p2) S 
For engines with 2 h.p. cylinders and T = —————_ (19) 
1 I.p. cylinder (Webb’s system) 2DW 


In above formula d, = dia. of h.p. cylinder in inches. 
dg = 4 9 bp. yy 
p, = M.E.P. in h.p. cylinder in Jb./per 
sq. in. 
Pz. = ” vy Lp. ” ” ” 
s = stroke in inches ‘ 
DW = dia. of driving wheels in inches. 
These formule give accurate results when the M.E.P. in the 
h.p. and Lp. cylinders are known, This depends on the design of 
the locomotive and the ratio of h.p. to lp. cylinder capacity. 


For rough comparative purposes several empirical formule 
are in use, although too great reliance should not be placed upon 
their accuracy. Three of these, all of American origin, are given 
here. 

Tractive force formula for Vauclain balanced and, Tandem 
compounds 

S x P (2/8d, + 1/4d?,) 


(20) T = 
DW 


For two cylinder cross compounds 
dS x ‘6p 


DW 


(21) T= 


For four cylinder compounds (2 h.p., 2 1.p.) 
d*, x S x ‘6p 
(22) T =————_—_—-_ x 2 
DW 
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In formule: 21 and 22 a cylinder area ratio of 235 — 24 : 1 
is assumed. 


In above formule (20), (21) and (22) 
= tractive force. 

= stroke in inches. 

= dia. H.P.C. in inches. 
dia. L.P.C. in inches. 
= boiler press 

= dia. drivi 


i 


sq. inch). 
in inches. 


Many compound engines are allowed to start as simple engines 
by admitting live steam either at boiler or some predetermined 
reduced pressure to the low pressure cylinders according to the sys- 
tem adopted, the h.p. cylinders exhausting to the atmosphere during 
this period. In these cases the tractive foree at ‘starting can casily 
be calculated from formule (16), (17), (18), or (19), by taking 
85%, of the initial pressure for the values p, and p, respectively, 


In all cases we find that the tractive effort formula contains 
four variables : 
a eylinder diameter, 
b cylinder stroke. 
c boiler pressure. 
ds wheel diameter. 


Of these, the last thre re usually fixed arbitrarily, thus 
enabling the first (the eylinder dia.) to be easily calculated. 


Wuheet Dram 


There are certain limiting dimensions in locomotive practice 
which have been found to be ve y suitable during many years of 
actual service, and which are almost invariably adhered to in 
standard gauge locomotive design. Notable among such is the 
driving wheel diameter which will be found upon examination to fall 
between the following limits in the yast majority of cases, 


fein, ftin,. the smaller dia. 


Main line express passenger loco. 6 0—7 0 277° ‘ 
4 tin Tine gee passenger loco 6 4 | ; j being for heavier 
assenyer tank engines ... sey i =O i 

enger tank engine 5 5 d atitien, 
Fast goods and mixed traflic 

engines ee Sis we 8 0-6 0 
Heavy goods and main line goods 


tank engines ae Bs 4 3-5 0 


Small locomotives for industrial 
purposes set ji . 8 8-4 0 


The above table, it should be said, applies only to normal and 
broad gauge locomotives. 
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The usual diameters met with in narrow gauge practice (3' 0” 
auge and over) are from 4’ 0”—4! 9” for passenger service, and 
from 3! 38!—4! 0” for goods and general purpos 


For narrower ¢ 


wes, as between 2! 0/—3! 0”, still smaller 
diameters are met with, ranging [rom 2! 3”—8' 3” for engines 
employed on narrow gauge railways, and as small as 1/ 6" for 
contractor’s shunting engines, ete. 


BoILeR PRESSURE, 


The usual boiler pressure now adopted for main line Jocos. 
of all gauges varies [rom 170-260 Ibs., the average being about 
180. The Great Western Railway uses 225 Ibs., which is the 
highest employed in this country, although 250 Ibs. is not unusual 
in the United State For contractors’, industrial and similar 
locomotives, a lower pressure is adopred, 160 Ibs. being the usual 
figure with best class makers. 


Piston STROKE. 


The most commonly used dimensions for this in British practice 
are 24”, 26” and 28” the Great Western Railway being again 
unique in employing a stroke of no less than 30” for their two 
cylinder express and goods engines of modern design although they 
adopt the ubiquitous 26” for their four cylinder locomotives. 26" 
for the stroke is an almost universal figure in this country for main 
line locomotives. For smaller locomotives the following are repre- 
sentative figures for the stroke :— 


Dia. Stroke. 
inches. inches. 
10—12 15—18 
13—15 20—22 
16--18 24 


(where four cylinders 
are employed, 26” is 
usually adopted.) 
19 upwards 26 
(28 & 30” in isolated 
cases.) 
Having laid down the limits from which three of the variables 
may be selected to enable the fourth to be calculated, we will 
proceed to apply the tractive effort formula: to determine the 
cylinder dimensions of the proposed locomotive. 


As the engine is to be suitable for high speed main line express 
work, we can take the wheel diameter [rom 6’ 0” to 7/0” or, say, 
6’ 8". The boiler pressure can be assumed at 180 Ibs., and the 
universal 26” will be suitable for the stroke. 
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These figures decided, we are in a position to determine the 
eylinder diameter, For purposes of locomotive power rating it is 
usual to take the maximum m.e.p. in the cylinders as 85% of the 
boiler pressure and to use this value in the tractive effort formule. 
This value, incidently, is about the highest that is actually 
attained in practice. To allow a margin we could take the m.e.p. 
at 75% of the boiler pressure and on this basis design a locomotive 
capable of starting on a grade of 1 in 100 with full load. Such an 
engine, though poss ng sullicient power for the duty, would not 
be very economical as even under normal conditions the cut off 
would be too late in the stroke to give the most efficient results 
in working, and the engine would also be sluggish in starting. A 
better practice would be to assume a fairly low percentage, say 
30%, of the boiler pressure as the m.e.p. under normal conditions 
with heaviest load on level at 60 m.p.h. (252 r.p.m.) This would 
correspond to a cut off at about 409% of the stroke as the m.e.p., 
for a given cut off falls with increase of speed duc to wire drawing 
in steam ports, ete. 


This figure would correspond to a mean effective pressure of 
54 Ibs. sq. inch (180 x °8) and will enable us to fx our proportions. 


We have seen that the tractive effort which must be developed 
by the engine when hauling 450 tons on the level at 60 m.p.h. is 
10,846 Ibs, 


Then for a two cylinder simple engine, by transposing formula 
(13) and substituting values, we 


/T x DW / 10846 x 80 
d =4/ = je, = 24:8", say 25" 
iL et a? 26 x 54 


Por a three cylinder simple engine 


/v x DW | 10846 x 80 
d = — a = 20°35", say 20)" 
15 Lp. 15 x 26 x 54 


For a four cylinder simple engine 


/T x DW | 10846 x 80 
= | & 1708) say 17H 
2Lp. N 2x 26x54 


For a four cylinder compound engine, using above figures to 
obtain maximum tractive effort of corresponding simple engine, 
we get 
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Tractive effort for simple engine at 30% m.e.p. = 10846 Ibs. 
” yy ” 85% m.e.p. 
10846 x 85. 
= = 30730 Ibs. 
30 


Then, transposing formula (22) to obtain dia. of h.p.c., we get 

j Tx DW / 30730 x 80 

d= 
: A Sim “6p. * 2 Ny 26 x 108 x 2 


This formula is stated to assume the area of the L.p.c. to be 2°35 
that of the h.p.c., therefore : 


20-92" 


d,=¥ 20°927x 2°35 = 32:2" 


Having shown the method of determining cylinder diameter, 
we can consider the most suitable arrangement for a_ specific 
purpose. 


In the case of the two cylinder simple engine, there are two 
arrangements pos inside and outside cylinders. 


For high speed locomotives of medium power there is, in the 
opinion of the writer, no better arrangement than that of two 
inside cylinders. The most dangerous oscillations of a locomotive 
are the swaying about the vertical centre line due to slide bar pres- 
sure, and the longitudinal sway due to the thrust of the piston upon 
the crank pin. In an inside cylindered engine the cylinder centres 
are close to the vertical centre line and to each other, so that these 
oscillations are reduced to a minimum, giving a steady running 
and safe engine at the highest speeds. 


The cylinders are in a less exposed position than is the case 
with the outside cylinder engine, so that condensation losses are 
reduced and improved efficiency results. — Further, the cylinders 
form a most effective frame «ross stay and avoid the necessity for 
a saddle casting or plate consturetion under the smokebox. 


The disadvantage is that 21” is about the maximum diameter 
of cylinder that can be accommodated between the frames of a 
standard gauge engine, so that this form of construction is limited 
to engines of medium power. The motion, etc., is less easy of 
access, and a cranked axle is necessitated, involving considerable 
expense. Further, broken crankshafts are not unknown when 
forged crank axles are used, although this disadvantage can be 
largely overcome by the use of built up cranks of high quality 
steel, The inside cylinder engine is the predominant type here, 
being found on every railway, especially in the form of the 4—4—0 
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passenger express engine with which we are all familiar, and 
representatives of which type perform marvellous work daily for thea 
power. 

The two cylinder engine with outside cylinders has many advo- 
cates. Its obvious advantages are simplicity and accessibility, the 
latter being especially the case when Walschaert's valve gear is 
employed. Its most serious disadvantage is the considerable 
oscillation occasioned by the alternate powerful! thrusts and pulls 
on the crank pins on opposite sides of the engine, the effect being 
especially marked in the of engines with a short id wheel- 
base, such as the outside cylinder 4—4—0 types. There are certain 
cases, notably the *t County "’ class on the Great Western Railway 
and the 4—4—0 of the ** Snaigow "’ type, built by Messrs. 
Hawthorn, Leslie for the Highland Railway, that are reputed to 
be very successful, but, nevertheless, the number of outside cylinder 
engines of the 4—4—0 type running in the country is small when 
compared with the number of inside cylinder engines of the same 
type. 

In the case of the 4—6—0 type, the swaying and swerving 
moments are considerably damped down both by the long rig 


INSIDE CYLINDER 


DENDY MARSHALL FOUR CYLINDER SYSTEM. 
Fie. 4. 


rv 


bi ed" oll 
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wheelbase and the considerably increased engine weight for the 
same cylinder capacity, and many very successful outside cylinder 
locomotives of the 4—6—O0 type are to be found on express duty 
in this country, notably on the pre-grouping London and South 
Western and Great Western Railways. In goods service the 
oscillations set up are not of great importance, due to the much 
lower speed, and where simplicity, accessibility and minimum re- 
pair cost are of more importance than very steady running, the 
outside cylinder arrangement is most suitable. 


The demand for increased cylinder capacity and better turning 
moment and balance has led to the extensive adoption of three and 
four cylindered locomotives. ‘The three cylinder locomotive has the 
advantage of a more even turning force than either the two or 
four cylinder types, thus making practicable a lower adhesive 
factor. It is thus ideally suitable for heavy goods or mineral 
service which requires maximum tractive capacity combined with 
minimum risk of slipping. For passenger work it is a better 
balanced engine than the two, though possibly not quite so good 
in that respect as the four cylinder engine. Its adoption gives us 
the opportunity of securing a steady running engine of ample power 
with little restriction on cylinder dimensions. The exhaust, too, 
is more even, due to there being six beats to a revolution of the 
wheels, resulting in a more continuous blast which does not tear 
the fire so much as the sharper and less frequent exhaust of the 
two and four cylinder types. This type of locomotive is preferred 
by many to the four cylinder engine, as it is less complicated, 
having one line of motion less, and does not involve the use of a 
double throw crank axle. It is generally recognised that there is 
less ‘‘missing steam’? in a larger cylinder and consequently the 
three cylinder engine, with -its cylinders of reasonable diameter, 
would be expected to show slightly increased economy in steam and 
consequently fuel consumption than the’ four cylinder engine of 
equal power and smaller cylinders. This saving is, the author 
believes, actually experienced. For many years the North Eastern 
Railway was almost the sole advocate of three cylinder simple pro- 
pulsion, their practice being to use an independent set .of svalve 
motion for each cylinder. | Recently, however, the adoption by 


-Mr. Gresley, of the late Great Northern Railway, of a, simple 


arrangement of rocking shafts and levers permitting the operation 
of the valves of the inside cylinder by the outside valve gear, has 
simplified matters, and we find three cylinder propulsion: rapidly 
gaining favour both here and in British practice countries abroad. 


Four cylinder locomotives are extensively employed in this 
country, being in fact, the standard engines for heavy high speed 
work on the pre-grouping London and North Western and Great 
Western Railways. Their greatest advantage is the ‘excellent 
balancing made possible, enabling the balance weights and conse- 
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quently the hammer blow on the rails to be greatly reduced. The 
chief disadvantage is the additional complication involved, but this 
is not so scrious as may appear at first ight, since by placing 
adjacent cranks (inside and adjacent outside) at 180°, the valves 
of one inside cylinder can be operated from the valve spindle of the 
adjacent outside cylinder by. the use of an equal rocking lever. One 
noteworthy example, No. 1361, ‘* Prospero,’’ on the London and 
North Western Railway, employs the Dendy Marshall cylinder 
arrangement which requires only one valve chest for each pair of 
cylinders, thus carrying the simplification still further. (Dia. 4.) 


A common argument in favour of four cylinder propulsion is 
that the crank axle stresses are greatly reduced. This statement, 
however, requires qualification. Where the inside and outside 
evlinders drive different axles, as in the divided drive used by the 
Great Western Railway and late London and North Western 
(Division B), this is undoubtedly the case. If, however, all 
cylinders drive one axle, as in the late London and North Western 
(Division A) example, the crank shaft stresses can easily assume 
a higher value than in a two cylinder engine of equal power. On 
the other hand, the opportunity given by the single driving axle 
arrangement of placing all the cylinders in line and duplicating all 
connecting rods, piston rods, and motion bars, etc. is a decided 
advantage and may easily outweigh any gain due to reduced crank 
axle stresses. 


The other pessible arrangement of cylinders is that of com- 


pounding. The whole position with regard to compounding is bound 
up with the cost of fuel. The conditions under which a locomotive 
works are about as unfavourable to any gain being effected on the 
lines of compounding as they possibly can be. The use of a conden- 
ser is not at present a practicable success for every day service and 
loads, and conditions vary so much and so often that it is only 
under occasional favourable conditions that much real economy 
is obtained. 


It is, therefore, hardly surprising to find compounding little 
adopted in this country, and even in Continental practice the simple 
superheated engine is returning to favour. Its most successful 
application is in the huge articulated locomotives operating in the 
United States of America and elsewhere. 


These engines are designed for exceptionally heavy hauls’ on 
level tracks and continuous grades, and this class of service invol- 
ving long continuous operation at a constant high power output, 
offers the nearest approach to ideal conditions for the compound 
engine which occur in locomotive practice. 


Although at present compounding in this country is almost a 
dead letter, it is possible that in the future an attempt will be 
made to organise traffic conditions so as to give the prime mover a 
better chance. If this is done there will be an opportunity for 
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the compound engine to enter into a new sphere of usefulness, so 
that it will be of interest to discuss the principal compound systems 
which have been adopted in this country. 


Two CYLINDER Compounps. 


The simplest form of compound engine is, of course, the two 
cylinder type, first introduced into this country by Mr. T. W. 
Worsdell. In the Worsdell system it was not possible to operate 
the engine as a high pressure loco. except for a few strokes at 
starting, as, when the pressure in the intermediate receiver reached 
a pre-determined figure, an intercepting valve opened, cutting off 
the supply of high pressure steam to the low pressure cylinder. 
An engine to operate on this system would therefore require to be 
able when working compound to exert a tractive effort corres- 
ponding to that of a simple engine of equal capacity when working 
in full gear. This renders the two cylinder compound out of the 
question in the British loading gauge except for engines of small 
power, owing to the difficulty of accommodating a large outside low 
pressure cylinder within the limit of width permissible. (About 
8:6 — 9°9 over cylinders, according to the Railway Co.) 


THREE CYLINDER ComMpouNDs. 


Two three cylinder compound systems have been extensively 
used in this country, ., that of Mr. I’. W. Webb on the London 
and North Western Railway, and that of Mr. Smith on the Midland 
Railway. 

Taking the Webb system first as being older, we meet one of 
the best fought engineering controversies of the last century. 
These engines were praised by one side and damned by the other 
for years, the only disinterested parties being the engines them- 
selves. Briefly, the Webb system can be described as a two 
cylinder compound with the high pressure cylinder divided into 
two smaller cylinders. Left at that, the principle is, in the author’s 
opinion, thoroughly sound, and in fact, the most suitable one when 
British load gauge restrictions are adhered to. It permits of high 
pressure cyl'nders of ample size outside the frames and a single 
inside cylinder of ample capacity can be placed between the frames. 


The motion, etc., of the single inside cylinder will, of course, 
be rather heavy, but since it is on the centre line of the engine, the 
disturbing effect will be small so that this is not a serious drawback. 
Unfortunately, however, the compounding was d by Mr. Webb 
as a flexible coupling rod, and the driving wheels were not coupled. 
The I.p. cylinder drove the front pair of drivers and the two h.p. 
cylinders drove the rear pair, and the consequence was excessive 
slipping at starting. Further simplicity was aimed at on some of 
these engines, in that a slip eccentric was fitted to the l.p. cylinder, 
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which, it should be said, operated at a fixed cut off. The conse- 
quence was that if an engine backed on to a train, the inside 
cylinder was in backward gear. At starting live steam was ad- 
mitted to the low pressure cylinder at a pressure of 80 Ibs. per sq. 
inch. The result frequently was that the two pairs of drivers re- 
volved in opposite directions until the slip eccentric could be coaxed 
into forward gear. Censequently the starting of these engines was 
often Gf a poor order, although excellent: perf s have been 
recorded when running. These drawbacks brought the Webb three 
cylinder compounds into discredit, but this was no fault of the 
compounding arrangement which the author considers was. the 
best of the British systems and coffe 
developing a compound engine of g 


s the best opportunity for 
eat power. 


The Smith three cylinder system differs from the Webb in that 
the lov v pressure cylinder is divided, the result being that the three 
Bylindet re of approximately the same size. It has the advantage 
that the piston pressure in the three lines of motion is more even 
than in the case of the Webb system, with the result that duplication 
of the piston and connecting rods is ble. The disadvantage 
is that it is difficult to accommodate the large low pressure cylin- 
ders required outside the frames, unless, as in the Midland engines, 
high pressure steam is used at starting, in which case the economy 
obtainable by compounding is somewhat sacrificed. 


The four cylinder system is fairly well known and is extensiv ely 
employed on the Continent. It requires low pressure cylinders the 
same size as in the Smith compound, so that it is difficult to obtain 
a four cylinder compound in the British load gauge equal in © apacity 
to the largest simple engines in use unless resort is made to the use 
igh pressure steam at starting, in which 
sacrificed, 


se economy is 


Considerable time having been spent in discussing com- 
pounding, it would be as well to sum up its possibilities. There 
is no doubt that by reserving an engine for one class of traflic a 
considerable reduction in fuel consumption can be obtained. Un- 
fortunately, this is not always done, so that we are faced with the 
y of having an engine that will give the best average per- 
formance when a ig different conditions are considered, and, as the 
simple engine is a considerably more flexible machine, it is not 
surprising to find that in this country, where fuel is relatively 
cheap, compounding is little favoured. 


We have now to decide what cylinder arrangement should be 
adapted for our proposed locomotive. The diameter required, if 
two cylinders are sd, viz., 24°8” is too great to permit of an 
inside cylinder type being used and if we agree on outside c ylinders 
there the question of oscillation at high speeds to consider. 
Neglecting compounding, as present traflic conditions call for a 
more or less general purposes machine, we can adopt three or four 
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high pressure cylinders, either of which would be equally suitable, 
the advantage possessed by the former in respect of slightly better 
turning moment, steam consumption and simplicity being offset for 
high speed purposes by the better balance and smaller disturbing 
forces of the four cylinder machine. 


Assuming the adoption of the four cylinder type. 


The proportions of our engine then will be : 


Cylinders (4), 173" x 26”. 
Wheels (coupled), 6! 8” dia. 
Boiler pressure, 180 Ibs. 


Maximum tractive force taking 85% boiler pressure 
17:5? x 26 x ‘85 x 180 x 2 


= — = 3050 Ibs. 
80 
30500 x 4:25 
The minimum adhesive weight will be —————— = 57°9 tons. 
22:40 


The maximum permissible adhesive weight is 60 tons corres- 
ponding to an adhesive factor of 4°41 and it will be advisable to - 
adopt this latter figure to reduce the tendency to slip at starting. 


Having fixed the proportions for our engine, the design of 
-the boiler next claims attention. Before we proceed to fix the 
boiler proportions it will be useful if we can form an approximate 
idea as to the heating surface that should be provided. This is 
fortunately not a very difficult matter. The evaporation of a 
locomotive type boiler can be taken roughly as 13 Ibs. per sq. ft. 
of heating surface per hour from the usual feed water temperature 
to the usual working pressure. Some authorities state 12 Ibs. as 
the usual figure, but as will be seen from data given later, 13 lbs. 
can be easily attainéd from boilers of normal design without exces- 
sive rates of firing. | Steam consumption varies considerably. 
Base figures usually employed are 28 Ibs. per i.h.p. hour when using 
saturated steam, and 21 Ibs. per i.h.p. hour when using super- 
heated steam. These figures do not by any means represent the 
best results obtained, figures as low as 20 Ibs. per i-h.p. hour with 
saturated steam, and 13 Ibs. with superheated compound engines 
having been obtained. However, if we take the base figures given 
Sore and calculate proportions to suit, we shall be on the safe 
side. 


We have now to find the i-h.p. on which to base our 
calculations. This is a simple matter when the tractive effort and 
speed are known. It can, of course, be calculated from the mean 
effective pressure and speed, but the tractive effort method is 
much more convenient for locomotive purposes. This formula is’ 
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TE <'S 
(23) i.h.p. = ———— where i-h.p. = indicated horse power. 
37: 


a 


T = tractive force in lbs. 
S = speed in miles per hour. 


In the case of our proposed design, the maximum tractive 
force is 10,846 Ibs. on level and the mean tractive force on the grade 
of 1 in 100 is 16,105 Ibs., the speeds being 60 m.p.h. in the first 
case and 40 m.p.h. in the second case. 


We thus get from (28) i-h.p. on level at 60 m.p.h. 


10846 x 60 
= = 1733 h.p. 
375 


Mean i.h.p. on grade of 1 in 100 at 40 m.p.h. 


16105 x 40 
= ————_ = 1718 h.p. 
375 
so that if we design our boiler to develop 1735 h.p. without undue 
forcing that should be sufficient. 


For saturated steam, taking 


28 Ibs. steam per i-h.p. hour and 


13 
13 Ib./sq. ft. H.S., we get h.p. per sq. ft H.S. = — = ‘464 h.p. 
28 
1735 


the heating surface required being, therefore, = 3740 sq. ft. 


“464 


for our proposed design. 
For superheated steam, taking 21 Ibs. steam per i-h.p. hour 
and 18 Ih. /sq. ft. evaporative heating surface, we get : 
13 
H.P. per sq. ft. H.S. = — = *619 h.p., the heating surface 
21 
required for our proposed design being, therefore 


1735 


= 2800 sq. ft. 
619 


The ratio of superheating surface to evaporating surface varies 
from 11% to 25%, the average figure in British practice being about 
20%. For purposes of comparison, reference is often made to 
equivalent heating surface. The équivalent heating surface is 
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reckoned as the heating surface which a saturated steam boiler 
would have to possess to give the same engine power as i ven 
by the superheated boiler. The value of this equivalent heating 
surface for any superheated boiler is taken as evaporative surface 
plus [5 times superheater surface. Now, in the case of our pro- 
posed design we have taken 2800 as the evaporative surface of the 
superheater boiler, the equivalent heating surface must be that of 
the saturated steam boiler 3740 sq. ft. 


3740 — 2800 
Therefore, superheater surface should be 
15 
940 


15 
The calculated heating surface of the boiler, therefore, will be 
3740 sq. It. for saturated steam 
2 sq. [t. evaporative ‘ 
es a . pis bee \ surface for superheating. 
26 sq. [t. s rating ; 
In the specific example given it will be noted that the ratio 


626 
of superheating surface to evaporative surface = 


or 22°35%, 


2800 


The above figures, for evaporation, take no account of the 
proportioning of the heating surface and unless the boiler is suitably 
proportioned, they are unattainable. Before investigating the 
question of proportions, it will be advisable to briefly consider the 
question of the use of superheated v. saturated steam. 


The advantages claimed for superh eating are as follows 


1.—Great economy in steam consumption in consequence 
of expansion of steam due to superheat, and to,reduc- 
tion of condensation losses 


2.—Due to the reduction of condensation losses an earlier 


cut off can be economically used thus permitting 
increased cylinder capacity with consequent greater 
starting power. Alternatively the boiler pressurecan 
be reduced permitting of reduced maintenance costs, 


In actual practice fuel economies of from 12—33 per cent. are 
effected so that from a point of view of thermal efficiency the 
adoption of superheating is decidedly justified. 


The actual economy to be expected depends upon the class of 
service upon which the engine is to be employed. The greatest 
economy is to be obtained where long distances are run between 
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stops. In the case of journeys of very short duration, the value 
of superheating is problematical for the reason that as soon as a 
useful degree of superheat is obtained steam is shut off ; the mean 
temperature of the superheated steam is thus reduced, and Se 
quently the economy effected is considerably smaller than wou! 
otherwise be the case. The remedy for this would appear to be 
the provision of more superheating surface in proportion to evapora- 
tive surface for engines engaged in local passenger and goods 
traffic. There is one class of service for which superheating is 
almost valueless and it is very rarely employed, and that is for 
industrial and shunting locomotives. Such engines are stationary 
half their time and in any case the constant stopping, starting and 
reversals are most effective in preventing any effective degree of 
superheat being maintained. 


The opponents of superheating urge that the economies effected 
rapidly decrease in value as the engine continues in service, There 
appears to be justification for this view in some cases, but in others 
where results have been published, taken over considerable periods, 
the economies are most marked, being in the neighbourhood of 
33%. 


Another argument frequently used against the superheater 
engine is that increased complication is involved, due to its 
necessitating the use of piston valves. This, however, is good 
practice in any case. 


Many superheated engines, however, use flat valves, but they 
are invariably conversion jolss which have previously used saturated 
steam. Occasionally a modified degree of superheat is employed 
in these cases, but it is not usual. 


It would certainly be very bad practice to design a new super- 
heated engine with flat valves. It was formerly the practice in’ 
this country to fit dampers to protect the superheater elements 
when steam is shut off. This is no longer the case, the dampers 
being replaced either by an air valve on the saturated side of the’ 
superheater header, or by some device for circulating steam 
through the elements when steam is shut off. The two types of 
superheaters used in British practice are the Robinson and the 
Schmidt. The principle is the same in each case, the only differ- 
ence being in the method of attaching the elements to the header. 


Judging by the number and types of superheater locomotives 
built by British railways in the past twelve years, it would certainly 
seem that economies are effected in every class of service, except 
for shunting duties, and in view of this, we need have no hesitation 
in adapting it for the proposed locomotive. 


Reverting to the question of boiler proportions. We have 
assumed in the original calculation that the boiler will evaporate 
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13 Ibs. of steam per sq. ft. of heating surface per hour. This is 
about the maximum desirable rate for a well designed boiler, and . 
does not represent the most efficient conditions of working. This 
figure assumes that all boilers of the same heating surface have 
the same evaporative capacity, which is incoriect, as there is-no 
doubt that a considerable proportion of the rated heating surface 
of some of our locomotives, especially the long boilered variety, 
is paper heating surface, and further it takes no account of varia- 
tion in feed water temperature or working pressure. For these 
reasons the author prefers a somewhat more lengthy method, 
but one which gives, in his opinion, more reliable results. 


The evaporative capacity of a boiler depends upon :— 


1. Tube heating surface. 
2. Firebox heating surface and firebox volume. 
3. Grate area. 


Taking No. 1 first. 


The efficiency of tube} heating surface is dependent on length 
of tube, diameter of tube and space between tubes. 


The length of tube adopted is a most important factor if a 
quick steaming boiler is desired. The rate of transfer of heat from 
a tube falls very rapidly with increase of distance from the firebox 
end. Tests were made on a Northern Railway of France boiler 
in 1874 having tubes 12/3” long. The tubes were divided into four 
divisions and the boiler arranged so that the evaporation for each 
division could be determined. The percentages of the total 
evaporation which took place in each section were as follows :— 


Firebox, 40% ; first tube section, 30% ; second, 15% ; third, 
9% ; fourth, 6% ; total, 100%. 


It may be taken, therefore, that there is a definite length 
after. which the additional amount of steam required to induce the 
draught through the tubes will be greater than the amount of 
steam evaporated in the increased length, or in other words, 
after a definite tube length is attained, any increased boiler 
efficiency is more than offset by reduced engine efficiency, conse- 
quent on increased back pressure in the cylinder due to the necessity 
of a sharper blast being required to create sufficient draught. The 
best guide the writer has found as to tube length is a statement by 
Mr. L. H. Fry in a discussion before the Institute of Locomotive 
Engineers (Relation of Cylinder and Boiler Power in Locomotive 
Rating, by E. M. Gass, Paper No. 73). Mr. Fry states that as 
a result of experiments carried out on the test plant of the 
Pennsylvania Rly. it has, been definitely established that when the 

. flue length exceeds 100 times the internal flue diameter, then the _ 
. necessary increase of draught requires more steam than is gained 
, by the very slight increase in evaporation due to increased length, 
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Another important factor in tube evaporation is the space 
between tubes. If this be made too small, the circulation of water 
is seriously impeded, which prevents full advantage being obtained 
from tubular heating surface. There is also less accommodation 
fer the inevitable scale to fall to the bottom where it can be remov ed 
and the result is to be seen in concrete sections at certain points ol 
the boiler which are likely to cause trouble by overheating. 


Representative bridges, or spaces between the tubes, adapted in 
British practice are :— 


Ext. Dia. of Tube Bridge 9/16"— 3/4" 


; 5/8" — 7/8" 
eae | ar y16"—15/16" 
Pr ‘i 3/4” — ." 
es » oi Sat I 
3 ake os ae 7 it =a 


For checking the evaporation of boiler tubes, some uscful 
figures are given by the American Locomotive Company, Bulletin 
1017, of which figure 5 is an extract :— 


The above figures are the equivalent evaporations from and at 
21291 which can be obtained when the boiler is being fired ata 
rate of 100—115 Ibs. of fuel per sq. ft. of grate per hour. This is 
quite a reasonable rate and leaves ample margin for forcing under 
exceptional circumstances as will be seen later in discussing the 
question of grate area. 


Firesox Hiatinc St 


ACK. 


The most effective boiler heating surface is found in the fire- 
box. The American Locomotive Company rate the evaporative 
value of firebox heating surface as 55lbs. from and at 212°F per sq. 
ft. per hour. An important point to consider in firebox design is the 
volume of the box. This should be ample for the purpose of per- 
mitting combustion of the fuel as completely as possible in the 
firebox itself before the hot gases enter the tub If the firebox 
volume is insufficient the tubes are apt to get clogged with unburnt 
fuel resulting in reduced cficiency. A good average value for fire- 
box volume is given by the rule : 


Firebox volume in cu. ff. = 6 x grate area in sq. ft. 


This value is not difficult to attain in the case of the narrow fire- 
hox so usual in British practice. In the case of wide fireboxes, 
however, the attainment of ample firebox volume is not quite so 
simple a matter and resort has to be had to combustion chambers 
which latter, however, are decidedly of value from other points 
of view as will be seen when discussing the design of firebox for our 
proposed locomotive. Much could be written on the subject of 
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Grate AREA. 


Before fixing the grate area it is necessary to know :— 


1.—The amount of steam required per hour for a given 
rate of firing. 


2.—The evaporation pec lb. of coal at that firing rate. 
Boiler performance is always, to a certain extent, a 
variable factor, but the charts given are fairly repre- 
sentative of normal results. 


Diagram 6 is taken from Rodger’s Paper, ‘' The Locomotive 
igner and Design,"’ read before the Institution of Locomotive 
Engineers on the 28th April, 1917. It gives the evaporation per Ib. 
coal from and at 212°F at rate of firing from 50-120Ibs. per sq. ft. 
per hour. On the same chart are tabulated the actual evaporations 
obtained from and at 212°F per Ib. of coal in the course of trials on 
the Pennsylvania Testing Plant at Altoona, full details of which 
are given in ‘* Engineering ’’ for February 4th, 1921. 


Diagram 7 gives evaporation per sq. [t. H.S. obtained during 
the same trials for given rates of firing, and also Rodger's figures 
for evaporation per sq. ft. heating surface under rated conditions. 
The noticeable point about this Chart is that, after a given rate 
of firing is exceeded, the evaporation actually falls. 


The proportions of the boiler concerned in these trials are as 
follows :— 


Tube heating surface (large and small) ... a 3716 
Firebox heating surface en ae gies 302 

4018 
Superheater ie ae sin ees nas 1172 
Total iva ise wan ait ai ies 5190 

sq. ft 
Grate area... md aa ia ai 8 70 

cu. ft 
Firebox volume... iho ar oh vad 427 
HS/GA si aoe ise a ius F 575 
Firebox volume/GA oe iy 61 


Superheater surface/Evaporative surface = ‘292 or 29:2% 

Equivalent heating surface=evaporative surface x 1°5 
superheater surface = 5776 sq. ft. 

Temperature of feed water 70°F, 

Boiler pressure 205 Ibs. per sq. in. 

Calorific value of fuel employed 14.140 B.T. Us. per Ib. 

Engine 2—8—2 type, cylinders 27” x 30”, wheels 5! 2" dia. 


a 


Hourly evaporation F. and A. 212*F per th of coat 


o 0 Na 0 8 cy rr a re) 
Rate of Firing to Os ger ag fh grate aren per how. 


Curve A Hourty evaporation per fo cual from and at 212 for various ates of firing. High leit Rodgers 
= = ti o 6 us | Saat at Bae 76 


Penneyieania HM. actual teste, 


Boiler Evaporation Chart (1). 
Ku. 6. 


The rate of firing in British practice varies from 50—200 Ibs. 
per sq. ft. grate per hour. The grate area should be designed so 
that the maximum rate of firing for the greatest normal load does 
not exceed 120 Ibs. per sq. [t. of grate per hour, We are now in 
a position to estimate the te area for our proposed locomotive. 
We have found that the maximum designed horse power is 1735 and 
assuminyy the use of a well proportioned superheater, we get : 

Steam per hour= 1735 x 21 = 36430 Ibs. at 180 Ibs. pressure 


For the purpose of calculating the boiler power we require to 
know the equivalent evaporation from and at 212°F. 

Assuming feed water at 60°F and steam at 180 we get factor 
of evaporation—1°21. 

Equivalent evaporation required = 36430 x 121 = 44080 lbs. 
per hour approximately. 

Referring to diagram 5 we find that evaporation per Ib. of coal 
from and at 212°F for a rate of firing of 120 Ibs. per sq. ft. of 


grate per hour is from 74—9 Ibs., the actual test figure for the 
Pennsylvania trials being 7°62. 
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” Boiler Evaporation Chart (2). 
Fic. 7. 


44080 


Coal per hour therefore = ———-——_ = 5780 lbs 
762 


Allowing for 120 Ibs. being burnt per sq. ft. of grate per hour, 
5780 


we get: Grate area = = 48°16, say 48 sq. ft. 


120 


As we have taken the Pennsylvania figure as a basis for grate 
area, we should also accept their figure for the ratio of heating 
surface to grate area, which is 57°5—1. 


Evaporation heating surface should therefore be 48°16 x 57°5 
= 2760 sq. ft. We are now in a position to go forward with the 
boiler design, and here we are up against the limitations imposed 
by the general arrangement of the engine, and permissible axle 
load. 


Tue Essentiat Factors 1x STEAM Locomotive Desicn. 35 


The usual type of British 4—6—0 locomotive will be unsuitable 
for the following reasons. This type of engine has the firebox 
arranged to drop between the frames, and as the width between 
frame plates never exceeds 4! 2”, we get 4/ 1” as the maximum width 
outside firebox, allowing 3” aside clearance for stayheads, rivets, 
etc. Assuming }” firebox plates for both inner and outer box and 
a minimum water space of 2}” at foundation ring, we obtain 3! 53” 
as the maximum possible width inside firebox. Mechanical stokers 
have not yet been used in British practice, nor, indeed, are they yet 
necessary, so that the length of the box must be restricted to within 
the range of the fireman’s shovel. There are very few locomotive 
firemen who would care to throw a shovelful of coal more than 10 
feet, in fact they could not be expected to do so, so that this is the 
maximum length of firebox that can be used with the narrow 
between frames type, and corresponds to a grate area of 34°58 sq. ft. 
It will be seen, therefore, that a wide firebox is desirable for our 
proposed engine and as a small pair of carrying wheels is essential, 
with this construction a locomotive of the 4—6—2 type will be 
required. : 


Before anything further can be done it is necessary to‘refer 
to the drawing board in order to determine the size of boiler that 
will be required to provide the necessary heating surface. The 
author has done this and has determined the following proportions : 

Boiler of wagon top type, tapering in third ring, and fitted 
with wide firebox and extended combustion chamber. Diameter 
at front 5’ 10”, maximum diameter 6! 8”, length between tube 
plates 17! 0”, tubes 32, 5}” dia. x 8s.w.g. 


156, 23” ,, x 11 ,, 7/8 bridge. 


sq. ft. 
Heating surface small tubes... ee «1562 
” » large ,, of 7477 


1» firebox and combustion chamber 230 


Total evaporative surface eas nae ws. 2589°7 
Superheater surface inside 60ft. 1% outside 
3/32 thick per element oA Ba 596 
Gross heating surface... an aa vs 8185°7 
Equivalent heating surface (Evaporative 1:5 
superheater surface) ay ee «8483-7 
Grate area inh on ee aes ini 48 
Ib. sq. in 
Pressure... ve ws 180 
Evaporative surface/GA = 52:8 
Equivalent HS/GA = 716 


Length betw. tube plates/int. dia. of smail tubes 101-2 
Evaporation f. & a. 212°F 100 Ibs. per 120 Ibs. per 
sq. ft. of grate sq. ft. of grate 
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sq. ft. Ib. Ib. 
H.S. small tubes 1562 15900 19160 
H.S. large tubes 7A77 8340 10000 
H.S:, EB. & Cc, 230 12650 15180 


539°7 36890 44280 


Figures for evaporation are obtained from the tables given and 
the evaporations given by tables are assumed cerrect for a rate 
of firing cf 100 Ib. sq.ft. grate per hour. 


The methods by which the boiler and cylinder proportions have 
been arrived at are, the author believes, the most rational. Some 
authorities work on the system of ratios such as HS/GA should 
have such a value for goods and another value for passenger 
engines, etc. The author can only say that, in his opinion, such 
figures, though doubtless of value for purposes of forming a com- 
parison of existing designs, cannot be relied upon to give the best 
proportions for any particular set of conditions as they are essen- 
tially based on averages and that, in his opinion, the analytical 
method given above is much to be preferred. 


The proportions for boiler and cylinders being settled, the 
remainder of the design is only a question of detail and arrange- 
ment. Considerable time and space could be taken up in discussing 
design of connecting and coupling reds, piston rods, motion bars, 
springs, balancing, etc. Such discussion would render this paper 
far too long and the ground is well covered by English text books. 
The remaining important question is that of weight estimation and 
distribution. 


The question of total weight can only be estimated accurately 
by knowledge of the weights of all the details and the distribution 
is dependent upon the relation of the centre of gravity of the live 
weight of the engine in relation to the wheelbase. The determina- 
tion of these matters accurately requires something approaching 
a general arrangement drawing of the engine and is far too big a 
proposition for this paper. The engine, however, will be of a 
short wheelbase on account of the short length between tube plates. 
The weight can be roughly estimated by comparison with the two 
British Pacific type Jecomotives recently completed for the Great 
Northern and North Eastern Railways. The former weighs 92°45 
tons and the latter weighs 93 tons. Our proposed engine will have 
a greater weight than the former on account of the boiler being of 
larger diameter and having a larger grate area, and four cylinders 
being fitted in place of three. The wheelbase will be about the 
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same as the Great Northern engine, and considerably less than the 
North Eastern example. The author would estimate the weight of 
the proposed engine as 96 tons, distributed roughly as follows :— 


On leading bogie 19 tons. On each pair of coupled wheels 
20 tons. Total adhesive weight 60 tons. On trailing pony 
17 tons. 


A rough method of estimating the tender capacity is to assume 
a mean rate of firing of 100 Ibs. per sq. ft. of grate per hour 
throughout the trip. This will give results on the safe side in the 
great majority of cases. On referring to the boiler evaporative 
chart (Diagram 5) we find that the maximum likely evaporation 
per Ib. of coal f. & a. 212°F at this rate is 9°8 Ib. or a water 
consumption of 871 Ib. per Ib. of coal at the pressure of boiler. 

Since the grate area is 48 sq. ft., then coal per hour = 4800 Ib. 

Water per hour. 4800 x 8'1 = 38880 Ib. = 3888 galls. 


A run of 160 miles non-stop in three hours is typical of English 
long distance running and coal capacity will have to be sufficient 
for this with a margin for shed duties. 


Coal used on trip = 4800 x 3 =: 14400 Ibs. = 6°43 tons. 
Tender coal capacity, say 8 tons to allow ample margin. 


As all English lines having runs of this duration utilise 
water troughs, it will be sufficient if we provide sufficient water 
capacity for, say, 60 miles and allow a margin. 


160 
Schedule speed = —— = 533 m.p.h. 
3 
60 
Time taken for 60 miles = —— = 1:126 hours. 
53°3 


Minimum water capacity = 3888 x 1:126 = 4380 galls., or, 
say 5000 galls. to allow a margin. 


The tender capacity is the same as the new G.N.R. Pacific, 
so that the weight will also be about the same, say 56} tons. 


The following summarizes the author’s proposals for a British 
main line express passenger locomotive capable of handling trains 
of 450 tons weight, exclusive of engine and tender, at averaze 
speeds 60 m.p.h. on level and 40 m.p.h. on grades of 1 in 100 
of 5 miles in length. Type 4—6—2 with 8 wheel tender. 


<< es 
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Cylinders (4) diameter 174”. 

Cylinders, stroke 26”. 

Diameter of coupled wheels 6’ 8”. 

Boiler maximum diameter 6! 8”. 

Working pressure 180 Ibs. sq. in. 

Heating surface—large tubes 747°7 sq. ft. 
small tubes 1562 

Firebox & combustion chamber 230 


Total evaporative surface 2539°7 
Superheater 596 
Total 3135-7 | 
Grate area 48 sq. ft. 
Approximate weights— 
Leading bogie 19 tons. 
Coupled wheels 60 
Trailing pony 17 
Total engine 96 
Tender 56°5 


_. Potal i 
Fender tank capacity 5000 galls. 
Tender fuel capacity 8 tons. 


The foregoing paper, whilst by no means comprehensive as 
regards detail, has nevertheless attained a much greater length than 
first intended and will, I trust, prove of interest and value to those 
of us, who, whilst not actually engaged professionally on loco- 


motive work, are still interested in the elements of locomotive 
design, 
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